
Am. J. Trop. Med. Hyg., 91(1), 2014, pp. 206–210
doi:10.4269/ajtmh.13-0714
Copyright © 2014 by The American Society of Tropical Medicine and Hygiene

A Door-to-Door Survey of Bed Bug (Cimex lectularius) Infestations in Row Homes

in Philadelphia, Pennsylvania
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Abstract. We conducted a door-to-door survey in a residential census tract of Philadelphia to estimate the prevalence
and spatial patterns of recent bed bug infestations. We interviewed 596 residents, of whom 66 (11.1%) reported recent
bed bug infestations. We confirmed current infestations in a subset of 15 (68.2%) of 22 inspected households. Most
residents reported that their infestation began within the past year (2012–2013). We found no correlation between
property value and infestation status. Spatial analyses showed significant clustering of bed bug infestations only at fine
scales, suggesting limited active dispersal of the insects. Residents used a large variety of treatment methods to eliminate
bed bugs, but only 48.1% reported success. Our results provide a prevalence estimate of recent bed bug infestations and
highlight the importance of passive rather than active dispersal of bed bugs even among dense urban row homes.

INTRODUCTION

Bed bugs (Cimex lectularius) have reestablished themselves
as an urban pest problem in the United States and worldwide,
including the tropics, over the past decade.1–4 This hematoph-
agous insect affects a wide range of communities and often
constitutes a significant public health problem.2 Bed bug bites
are known to cause various forms of cutaneous reactions,
including minor itching, severe inflammation, and secondary
infections.5 In addition, bed bugs can be a cause of mental
distress and overall physical discomfort.2 Their cryptic nature
and increasing resistance to a large variety of insecticides
makes them difficult to detect and even more difficult to
eliminate.6 In addition, the high cost and limited effectiveness
of treatment methods may restrict community efforts to exter-
minate them,7 and may create an economic burden on affected
communities and local governments.8

Current evidence suggests numerous pathways for bed bug
dispersal. Bed bugs can be spread passively, predominantly by
human movement.9 Such passive spread involves the trans-
port of insects on hosts and their effects, including clothing,
luggage, and furniture. Bed bugs can also spread actively from
site to site. Active spreading has been observed in genetic
studies showing high relatedness among bed bugs within a
high-rise building, which suggests that bed bugs may crawl
between apartment units via shared infrastructure.10 Our
study aims to assess these bed bug dispersal patterns in urban
row homes of one residential neighborhood.
Despite growing economic and health concerns surrounding

the re-emergence of bed bugs, there has not yet been a system-
atic effort to study infestations in urban communities. Control
of bed bugs in cities may be especially difficult because the
dense urban environment may facilitate their spread.11 Under-
standing the extent and spatial patterns of urban infestations is
critical to the eventual design of effective strategies for their
control.12 In this study, we performed a survey in a residential
census tract of Philadelphia, Pennsylvania, to better estimate
the prevalence of bed bugs in the urban environment, and
to assess spatial patterns of bed bug infestation.

METHODS

Study area and population. We surveyed a rectangular area
of approximately 0.0595 miles2 (0.154 km2) encompassing one
census tract in South Philadelphia.13 There were 1,420 lots in
the census tract. The area was primarily residential.14 Housing
consisted mostly of two- to three-story residential row homes
with some multifamily homes. The total population reported
in 2011 was 2,920, and the predominant ethnicities were African
American, White, and Asian, respectively.15 The median
annual household income in 2011 was $22,014.16 Migration
into the census tract was frequent; an estimated 317 (10.9%)
of 2,920 persons moved into the tract during 2010–2011. Most
(85.2%) persons who moved into the tract came from else-
where in Philadelphia County; 7.57% relocated from other
counties in Pennsylvania; 3.79% relocated from another state,

and 3.47% relocated from another country.16

Study design and sampling method. We used a citywide
zoning map14 to categorize each property in the census tract
according to zoning type. To meet the criteria for inclusion in
our sample, a property had to be residential (a house or apart-
ment complex) and contain a finished building unit. Lots
that were for commercial use, unfinished, or uninhabited were
excluded from the study.
All households in this study were sampled during May–July

2013. We made up to three visits to each household. On the
first visit, we knocked and left flyers describing the study and
listing the contact information of the investigators. We varied
the time of visits such that each household was visited at
least once in the morning and once in the evening. If the
resident responded on any visit, we inquired about the past
and current infestation status of the house. If the resident
reported having a bed bug infestation, we conducted a struc-
tured interview to assess previous treatment history and
potential sources of infestation (The questionnaire is pro-
vided in the supplemental materials). We refer to these house-
holds as reported positive throughout the report. Households
that did not report positive did not participate further in
the study.
We offered free inspections to reported positive households

and, as added incentive for participation, entrance into a draw-
ing for free treatment if a current infestation was confirmed.
We refer to households that agreed to inspections and in which
we found live bed bugs as confirmed infested (Figure 1). All
inspections were performed by study staff experienced in bed
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bug detection. In households where we did not observe evi-
dence of bed bugs during inspection, we left ClimbUp© inter-
ceptors (Bed Bug Supply, Coral Springs, FL) under bedposts
and examined them for insects one week later. The interceptor
is a plastic dish with a center division, the walls of which are
coated with talcum powder that prevents bed bugs from escap-
ing after they fall into the outer ring. Protocols were reviewed
and approved by the Institutional Review Board of the Univer-
sity of Pennsylvania (protocol #817710).
Statistical analysis. We linked economic data from the

Philadelphia Office of Property Assessment17 to each house-
hold in the census tract. Using this information, we compared
covariates between the responding and non-responding house-
holds to assess any response bias in our sample. We also com-
pared covariates between households that reported positive
and those that did not report positive. The same analyses were
performed comparing the confirmed infested households to
those with only a past infestation history to assess if any eco-
nomic or environmental factors contribute to the maintenance
of infestation. We used a structured questionnaire to assess
differences in types of treatment methods, costs, and other
factors between those that perceived their efforts to be success-
ful and those that did not. We used the Kruskal-Wallis and
Fisher’s exact tests to compare continuous and binary covari-
ates among groups, respectively.
We performed four analyses to assess patterns of spatial

distribution of reported positive households in the study area.
To check if infested households were more clustered on par-
ticular city blocks, we performed a random labeling simula-
tion18 test in which we randomly distributed the observed
number of infested houses across the blocks in our study area.
This simulation was repeated 1,000 times, after which we plot-
ted a distribution of the expected number of blocks with a
given number of infestations based on chance. Random simu-
lation results were compared with the observed data to deter-
mine the presence of any significant clustering of infestation.
Because this method is limited to assessing correlation within
city blocks, a Moran’s I and a stratified Moran’s I test for

autocorrelation19 were performed. The latter test takes into
account the effects of city streets on spatial patterns. The
Ripley’s L Function for multi-distance spatial cluster analysis
was also applied.20–22 All analyses were performed in R.23

RESULTS

Survey results.A total of 1,002 of the 1,420 lots in the census
tract met our sampling criteria (Figure 2). Of these lots, 596
(59.5%) provided a response to either the door-to-door survey
or to the recruitment flyer. Among the 596 respondents,
66 (11.1%) reported having bed bugs recently in their resi-
dence and were classified as reported positive. Of these 66 posi-
tive responders, 59 (89.4%) participated in our questionnaire
and 22 (33.3%) agreed to a house inspection by our field team.
Most persons who did not participate in inspections believed
that they no longer had an infestation. Bed bugs were collected
from 15 of the 22 inspected households.
Correlates of infestations. Themeanproperty valueof houses

in our sample was $103,300.17 The mean property values of
non-responding houses versus responding houses were not sig-
nificantly different ($105,600 versus $101,800; P < 0.33, by
Kruskal-Wallis test). Among the responding households, those
that reported positive for bed bugs did not have significantly
different mean property values from those that reported nega-
tive for bed bugs ($99,020 versus $101,800; P < 0.66). The mean
property value of confirmed infested households was $14,440
lower than that of non-confirmed households that reported
having bed bugs in the recent past ($87,860 versus $102,300),
many of which had made efforts to control their infestations.
Although this difference was large, it was not significant by the
Kruskal Wallis test (P < 0.14) probably because of the limited
sample size of confirmed infested units.
Nearly all houses in our sample (923 of 1002) were single-

family residential houses; the remaining houses were mainly
multi-family apartments. The single-family houses had a
relative response rate of 60.6% compared with 47.8% for
multi-family apartments, but this difference was not signifi-
cant (P < 0.80, by Fisher’s exact test). Single-family houses did
not have a significantly lower rate of infestation reports than
multi-family apartments (10.9% versus 15.6%; P < 0.39, by
Fisher’s exact test).

Figure 1. Participation rate, infestation reports, and confirmed
infestations among sampled households in a census tract of Philadelphia,
Pennsylvania. Results obtained from a door-to-door survey con-
ducted May–July 2013.

Figure 2. Detail of a map of the studied census tract in Philadelphia,
Pennsylvania (May–July 2013) showing spatial distribution of responses.
Landmarks have been removed. Blue circles = reported negative
for bed bug infestation; orange circles = reported positive for bed
bug infestation; Red circles = confirmed bed bug infestation dur-
ing inspection.
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Temporal trends. Bed bugs have been in the study site for
several years. One resident reported detecting bed bugs as
early as 2005, but the prevalence of infestations in the area
has clearly increased since their resurgence in the early 2000s.
Most residents who experienced a bed bug infestation since
their resurgence reported that their infestations began within
the past year (81.1%, 53 of 59). Furthermore, just more than
half (50.9%) of the affected residents reported that their
infestations began within the previous six months.
Treatment. Of the 59 reported positive households that

completed our survey, 52 (86.4%) had attempted some form
of treatment before our study and showed varying degrees of
success. Thirty-six (69.2%) of these 52 households attempted
to exterminate the insects without any professional help. Six-
teen (30.8%) households contracted a person or company for
extermination services. Thirteen (81.3%) of these households
seeking professional help hired independent contractors, and
the other 3 (18.8%) hired an acquaintance. Of the 16 house-
holds that sought extermination services, 10 (62.5%) had also
attempted some form of self-treatment, leaving 6 (37.5%)
who relied solely on professional treatment. Households that
only hired professionals reported spending on average $611.10
(range = $100–$1,200. Those households that only self-treated
reported spending on average $229.10 (range = $10–$800.
Households that self-treated and hired professionals reported
spending on average $550 (range = $100–$1,000).
A wide variety of self-treatment methods were reported. Of

the 46 households that attempted some type of self-treatment,
33 (71.7%) applied over-the-counter insecticides and 15 (32.6%)
cleaned their houses by applying household cleaning products,
washing, or vacuuming. Five (10.9%) used non-conventional
treatments, a few of which were potentially hazardous. In one
such case, the resident washed his entire house with gasoline
and oil. In addition, 5 (10.9%) used bed bug mattress covers,

3 (6.52%) used alcohol, 3 (6.52%) also used diatomaceous
earth, and 1 (2.17%) used bed bug bombs.
Residents reported varying levels of treatment success. Of

the 36 residents who only attempted treatment on their own,
16 (44.4%) reported being successful, and 9 (56.3%) of the
16 who paid for extermination services reported success in
their treatment.
Spatial analysis. Results obtained from the random labeling

simulation test show no significant spatial clustering of reported
bed bug infestations at the scale of the city block because the
observed frequencies of infestations per block fell within the
interval of frequencies expected by chance (Figure 3). How-
ever, the Ripley’s L (Figure 4) and Moran’s I tests detected
clustering on fine spatial scales of less than 15 meters, a dis-
tance that corresponds to immediately adjacent homes.

DISCUSSION

The recent resurgence of bed bugs in urban neighborhoods
has created an especially complex public health problem.
Data relevant to the extent of bed bug infestations has, until
now, been limited to records maintained by large pest compa-
nies,24 health agencies,25 and Internet databases.26 These data
sources, although helpful, are not representative of entire
residential neighborhoods. Our study provides a door-to-door
assessment of the bed bug epidemic in an urban neighbor-
hood. We found that a total of 11.1% of the interviewed
households reported experiencing problems with bed bugs
since their resurgence in the area, a far higher proportion than
we expected.
We have reasons to suspect that the 11.1% figure might be

an overestimate. First, our study was susceptible to participa-
tion bias because households affected with bed bugs may have

Figure 3. Violin plot for the assessment of spatial clustering of
reported bed bug infestations on city blocks. Philadelphia, Pennsylvania,
May–July of 2013. Black bar = first–third quantiles; white dot =median;
shaded area = distribution of expected number of blocks with given
infestations; diamond dot = observed number of blocks with given infes-
tations; solid black line = Observed P value.

Figure 4. Ripley’s L function. Analysis of spatial clustering of
reported infestations among respondents in a census tract ofPhiladelphia,
Pennsylvania, May–July of 2013. Solid black line = observed clustering;
area between dashed lines = 95% confidence interval; area between
dotted lines = 95% confidence interval with Bonferroni correction
(99.375% of replicates).
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been more likely to respond to the study flyers. The degree
of participation bias would be only moderate, however,
because only a handful of the 596 responding households
responded to the flyer alone, and most were interviewed on
their front stoop. Second, it is possible that our data contain
some false-positive reports. Residents commonly confuse bed
bugs with other household insects such as immature cock-
roaches, fleas, or spider beetles.27 Conversely, there may be
reason to suspect that 11.1% is an underestimate. The stigma
surrounding bed bugs may cause some infested households to
not report their infestations.28 In addition, because of the cryp-
tic nature of the insects and varying response to bites by
humans,29 residents may be unaware of an existing infestation.2

In a recent study of bed bug infestations in a high-rise building,
only half of the residents with infested households knew about
their infestation.10 The imperfect sensitivity of homeowners to
infestations could have a measurable impact on prevalence
estimates. Our study was also limited by our inability to accu-
rately measure the size of bed bug infestations, and our reli-
ance on public data sources for some covariate information. By
using public sources of data, we were able to gather covariate
information outside of the structured interview. However, we
were not able to obtain sufficient data on home ownership.
We found evidence of spatial clustering of infestations only

at fine spatial scales. Previous studies have noted the intimate
connections between row homes including party walls, shared
piping, and joist holes.9,30,31 Such connections may facilitate
the active dispersal of insects between adjacent houses. The
lack of significant clustering on city blocks, however, suggests
that the active movement of insects between houses is limited,
and the presence of insects throughout the study area suggests
that the rate of active dispersal is overshadowed by the rate
of passive dispersal. The predominance of passive dispersal
bodes well for the possibility of controlling the insects because
they are not moving quickly between neighboring houses and
are thereby easier to contain. Conversely, controlling pas-
sively dispersing insects is challenging because control efforts
cannot be easily targeted to spatial hotspots of infestations.
Targeted control based on social networks for residents could
potentially be effective, but such targeting would likely be
difficult to implement.
By conducting a door-to-door survey across residential row

homes, we were able to describe patterns in recent bed bug
infestations in a census tract of Philadelphia. The high
reported rate of recent infestations (11.1%) and the low per-
ceived success of treatment methods (48%) emphasize the
difficulty of managing bed bugs in urban and other complex
environments. In low-income communities especially, the cost
of bed bug treatment can be an important barrier to control.
The lack of cheaper and more effective treatment methods
makes the current bed bug epidemic difficult to curtail and
even more difficult to eliminate even from relatively small
geographic areas.
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